Bone fracture toughness has been well studied, however, it is also important to investigate the effect of preservative treatment on the mechanical properties of bones. It is necessary to evaluate crack initiation and propagation after fracture because this process may be different in the case of injured bone tissues. In this study, we attempted to analyze the strain distribution on bone tissue surface by using image correlation techniques in order to elucidate the relationship between microscopic bone damage and strain distribution. Bovine femoral cortical bone was employed as the bone specimen and the three-point bend test method was used to determine the fracture toughness, in accordance with the ASTM E399 guidelines. An Instron type machine was used in the fracture toughness test and the loading rate was set to 1 mm/min. Black and white spray paint was applied in a random pattern to the surface of the specimens, and the specimens were loaded until they were ruptured. Bone surface strain analysis was performed using image correlation techniques and the changes were recorded in a digital image. In order to evaluate the effects of preservative treatment on the mechanical properties of bone, we categorized the specimens into 4 groups: the control group included the specimens that were submitted for testing immediately after machining and the preservation group comprised specimens that were analyzed after preservative treatment with different method (formalin, ethanol and physiological saline solution). A strain analysis performed using image correlation techniques allowed the visualization of the increased strain at the forward end of the slit of the specimens. The strain value at the forward end of the slit (the longitudinal direction of specimens) measured at the time of rupture in the control group was approximately 4 times larger than that in the formalin preservation group, thereby suggesting the embrittlement of bone organic constituents due to preservative treatment.
Introduction
Fracture is a mechanical phenomenon that occurs when an external pressure higher than the breaking strength of bone is applied to the bone. However, it is well known that at normal activity levels, microcracks that do not develop into fractures readily develop in bones. 1, 2) The cortical bone, including blood vessels and bone cavities, contains many micropores roughly 100 mm or less in size. These micropores or microcracks are potential fracture origins and can limit the rate at which an old bone is replaced with a new bone.
3) Therefore, it is important from the viewpoint of fracture mechanics to consider such defects while evaluating the mechanical characteristics of a bone.
Although bone fracture toughness has been evaluated many times in the past, it is difficult to carry out a simple comparison of the fracture toughness values reported by different researchers because they use different animal species or specimen configurations. In addition, the methods used for the preservation of bone specimens are inconsistent. In a previous report, 4) the authors described that the chemical fixation process affected the cortical bone growth in the microcrack area, thereby causing a decrease in fracture toughness.
Microcracks are believed to be produced, expanded, and accumulated because of the strain field formed in the bone by mechanical stimuli. A quantitative understanding of the relationship between the strain distribution in bone tissue and the state of microcrack development or bone-fracture toughness (a measure of bone fragility 5) ) is imperative for predicting microcrack development or elucidating the bone remodeling mechanism.
A strain gauge is generally used for strain measurement. However, it does not allow the measurement of strain distribution in a field smaller than the size of the gauge, and the measurement is limited by the scope of elastic deformation. When a strain gauge is attached to a moist bone surface, an adhesion layer formed between the bone surface and the gauge is thought to affect the measurement. Moreover, it is unclear whether an attached strain gauge can be used to accurately measure the deformation of materials.
A strain measurement technique that would solve the abovementioned problems is digital image correlation. 6, 7) This technique uses digital images taken before and after deformation, permitting a relatively simple and inexpensive measurement of strain distribution on the surface of a material. By changing the optical system settings, an arbitrary magnification can be achieved. This technique is thought to be effective for the measurement of biological tissue strain; [8] [9] [10] however, it has rarely been applied to address such issues.
In this study, we attempted to visualize strain distribution on the bone tissue surface as a basic step to quantify the relationship between bone lesion development and strain distribution, and we determined the impact of the measured strain distribution on fracture characteristics.
Microcrack development was observed during a threepoint bending fracture toughness test on the bovine cortical bone of the femoral shaft. Microcrack development was recorded using a high-speed camera. Then, strain distribution was measured using a newly developed system based on digital image correlation. In addition, unified test procedures were used to examine the effects of preservation conditions on bone strain distribution when the cortical bone was preserved in three types of storage solutions: neutral buffered formalin (NBFA), ethanol, and saline solution. [11] [12] [13] Digital image correlation (hereafter referred to as image correlation) is a technique for measuring displacement using existing patterns on the surface of the material to be measured or random patterns created using spray paint, etc. A grayscale digital image consists of pixels, each of which has a luminance value set to one of the 256 gray levels (stored in 8 bits). If a small area centered at an arbitrary position in an image taken before deformation is considered, the displacement of objects can be calculated by exploring the location of this area on an image taken after deformation. This calculation is performed using the pixel luminance values because an image area comprises pixels that have a luminance value. A concrete outline of the analytical procedures for this measurement is described below.
Principle of Digital Image Correlation
Initially, we consider an image acquired before deformation, as shown in Fig. 1(a) . We then calculate the distribution of luminance values in an area (subset) of size M Â M, where M is the number of pixels, centered at an arbitrary position, A. Next, as shown in Fig. 1 (a 0 ), we consider an image acquired after deformation. We determine the subset having the highest correlation with the original luminance-value distribution and define its center, A 0 , as the position after deformation. The abovementioned displacement is defined as the distance from A to A 0 . To compare subsets taken before and after deformation, we use the correlation coefficient, R, which is given by
where f ðx; yÞ is the luminance value at the point ðx; yÞ and gðx Ã ; y Ã Þ is the luminance value at the point ðx Ã ; y Ã Þ on images taken before and after deformation, respectively.
The subset to be investigated is rectangular. We allow for deformation in the second image using eq. (2), which is given below. The relationship between points ðx; yÞ and ðx Ã ; y Ã Þ is shown in Fig. 2 , and it is described by the following equations:
where the displacement components of the center of the subset in the x and y directions are denoted as u and v, respectively, and @u=@x, @u=@y, @v=@x, and @v=@y are the uniform strain components. Áx and Áy are the distances of the x and y coordinates, respectively, from the center of the subset to the point ðx; yÞ.
To reduce the analysis time, a subset was first determined by performing a coarse search in pixels, and then by performing a detailed search in subpixels. We used the coarse search method 14) for the initial search. In most of the cases, the coordinates that shifted after deformation were not integers, that is, the coordinates were not necessarily located at the point where the pixel was present. In the detailed search, the luminance value of the position to be evaluated was obtained via bicubic interpolation 15) on the basis of luminance values of the surrounding pixels. Furthermore, the six deformation terms of the subset with the minimum correlation coefficient obtained from eq. (1), i.e., u, v, @u=@x, @u=@y, @v=@x, and @v=@y, were simultaneously determined via the NewtonRaphson method. 15) However, because the resulting strains were uniform in the subset, they had poor accuracy. Therefore, the displacement calculated via the NewtonRaphson method was interpolated by the moving least squares method 16) to provide a smoother displacement distribution, and then, the strain distribution was obtained by differential operation.
The method developed by Yoneyama et al. 17) was used to correct the distortion of the digital image.
Experimental Method

Preparation and preservation of fracture toughness
test specimen The cortical bone of the femoral shaft of 24-month-old bovines raised for meat, which is similar to the human cortical bone in terms of its static tension and compression characteristics, was used. The bones were purchased immediately after slaughter and harvest.
The cortical bone forms composite structures composed of hard, brittle hydroxyapatite and elastic type I collagen fibers, which are oriented in the direction of the bone axis. The bone also contains vascular or other cavities; bone is an extremely complex, microscopic, and inhomogeneous material.
As shown in Fig. 3 , the mid-shaft of the bone specimen measuring approximately 100 mm in length was split into two parts-top and bottom-to harvest a plexiform bone 18) from the front, medial, and lateral sides. Although the test specimens were prepared from the Haversian bone 18) in the posterior side, those specimens were excluded from this experiment because the Haversian bone and the plexiform bone had different structures.
The specimens were processed such that the long side was parallel to the bone axis. Machining was performed under wet conditions by adding saline solution dropwise to avoid a temperature rise by friction. The in-process specimens were sealed in a plastic storage container after removing as much air as possible and kept refrigerated at À30
. These specimens were thawed in saline to restore them to ambient temperature.
All the specimens used were prepared as prescribed by ASTM E399-90 19) to a feasible extent. The specimens measured W ¼ 8 mm in width, L ¼ 40 mm in length, and B ¼ 4 mm in plate thickness, as shown in Fig. 4 . A slit was introduced in the circumferential direction toward the cross-section of the bone with a ¼ 4 mm using a metal saw having a width of 1.2 mm and tip radius of 0.05 mm with a 30 angle. Wet sanding was performed with a sandpaper of grits of 800, 1000, and 2000 immediately before the test to improve the surface roughness of the specimens. Because it was difficult to maintain the stability of the specimens while introducing a fatigue precrack, as prescribed by ASTM E399-90, 19) we did not introduce the precrack in this study.
We used three types of storage solutions-NBFA, 80 vol% aqueous ethanol solution (hereafter referred to as ethanol), and saline-to preserve the test specimens. The specimens underwent ultrasonic cleaning for 1 min in each storage solution after preparation and were immersed in 0.2 dm 3 of storage solution stored in a container kept in the dark at a temperature of roughly 37 C for 30 days. Eight specimens (five pieces of plexiform bone and three pieces of Haversian bone), harvested from the cylindrical portion in Fig. 3 , were preserved in one storage container. Sixteen specimens in total, two for each preservation group, were prepared. Following the preservation period, only ten specimens of plexiform, five from each container, were submitted for fracture toughness testing.
In addition, ten specimens were prepared for a control group, which was to be tested for fracture toughness immediately after the completion of the test specimens.
Three-point bending fracture toughness test
The specimens for the fracture toughness test were prepared, as prescribed by ASTM E399-90, 19) to a feasible extent. An Instron-type universal testing machine (of 1 kN load capacity) was used for the test, and each specimen was loaded until breakage occurred at a loading rate of 1 mm/min with the distance between the fulcrums set as S ¼ 32 mm. The fracture toughness, K Q , was calculated using the following formula:
where f ða=WÞ is a correction term, obtained by the following formula: However, because the fracture toughness obtained in this experiment did not meet the ASTM E399-90 19) standard, we expressed it as K Q .
Because image correlation techniques often yield erroneous results when the luminance values on the specimen surface are low, as in the case of bones, we applied random patterns to the specimen surface using black and white spray paint. Images of microcrack development during the test were captured using the device shown in Fig. 5 , and the resulting digital image data were stored. The imaging zone was 472 pixels Â 512 pixels; the image magnification (actual dimension per pixel) was 0.0170 mm/pixel; finally, the size of the subset was 36 pixels Â 36 pixels.
Statistical search
The difference in the means of the control and test groups was tested as follows. A homoscedasticity test was performed with an F-test. If the data were homoscedastic, then the Student's t test was used; otherwise, Welch's t-test was used. The significance level was set to 0.05. Figure 6 shows an example of load-displacement curves obtained from the fracture toughness test. There was no clear difference in the shape of the load-displacement diagram between groups having displacements of up to approximately w ¼ 0:2 mm; the curve was linear. The control group showed a slightly lower gradient immediately before the breakage, forming the nonlinear part of the curve, which is assumed to indicate plastic deformation or stable fracture. This assumption is made because of the development of a bridging effect. [20] [21] [22] This effect leads to the inhibition of crack growth by fine structures such as collagen fibers or blood vessels, resulting in a change in the crack resistance. An unstable fracture was reported after the maximum load was applied. The test groups excluding the NBFA group, showed almost the same loaddisplacement relationship as the control group.
Experimental Results and Discussion
The NBFA group exhibited an unstable fracture as the maximum load was applied, without a decreasing gradient immediately before the fracture. A possible explanation for this instability is that formaldehyde, which was present in the formalin, denatured and hardened the protein components, including the collagen fibers and blood vessels, and thus inhibited the viscoelastic effects, causing the bone to lose its inherent bridging effects. In this study, the maximum load was applied to determine the fracture toughness, K Q , obtained by eq. (3), when the fracture occurred. Figure 7 shows the changes in the K Q value for different preservation methods. The percentage change in the longitudinal axis was calculated by dividing the difference between the mean K Q values of the preservation groups and The K Q value of the NBFA group decreased by approximately 18%, as compared to that of the control group. This decrease was statistically significant probably because soft tissues such as collagen fibers in the bone were hardened and embrittled by the formaldehyde. 23, 24) In contrast, the saline and ethanol groups did not show statistically significant difference in the K Q values as compared to the control group. Thus, the examination of the strain measurement for the NBFA group, which showed a significant decrease in the K Q value, is described in the following section. Figure 8 shows the strain component distribution measured immediately before the fracture. The images on the left side are for the control group and those on the right are for the NBFA group; the images show, from top to bottom, the normal strain in the x-axis direction, " x ; the normal strain in the y-axis direction, " y ; and the shear strain xy .
The result indicates an " x -dominant strain distribution because the crack was in a mode I deformation state, revealing a difference in the strain distribution between the control and NBFA groups. Furthermore, " x and xy were concentrated at the same spot as the fracture site. Thus, the obtained strain distribution was considered to be theoretically plausible.
Because the specimens had collagen fibers oriented orthogonally to the load direction, the development of a crack at the tip of the slit could be inhibited. The relationship between the " x value at the tip of the slit and the displacement, w, is shown in Fig. 9 . The strain is, on the whole, larger in the control group than in the NBFA group. Moreover, both these groups showed a trend of linear variation up to w ¼ 0:2 mm. This trend is consistent with the load-displacement relationship shown in Fig. 6 . The trend of the control group corresponds well with the microcrack initiation behavior discussed in a previous report, 4) where a microcrack was assumed to start forming at a displacement w of approximately 0.2 mm, where a remarkable increase in the strain was observed. The relationship between " x and w was assumed to be a downward convex curve with increasing w, showing an exponential increase in the strain particularly in the control group. Meanwhile, the NBFA group was considered to have a fracture with a relatively low strain because of the brittleness of the collagen fibers.
The tensile strengths of the collagen fibers and hydroxyapatite, which are the major components of the cortical bone, were reported to be 16.8 MPa and 6.9 MPa, respectively. 25) From these values, it is clear that collagen fibers numerically contribute to the tensile load. Therefore, in this experiment, the collagen fibers, rather than hydroxyapatite, were believed to resist crack development, thereby affecting the " x distribution at the tip of the slit.
The control and NBFA groups had " x values of 11.9% and 2.95%, respectively, at the fracture. That is, there was a statistically significant decrease in the " x value of the NBFA group, and this value dropped by approximately 75%, as compared with the control group. The result of this measurement revealed that the effect of chemical fixation on the cortical bone-strain characteristics is more prominent than that of fracture toughness; this result suggests that special care may be necessary while evaluating the bone-tissue strain.
From Fig. 6 , it can be seen that the strain estimated at the tip of the slit is high because of the stable cracks that develop immediately before the fracture occurs. However, the ultimate values of strain [26] [27] [28] for tensile tests on the collagen fibers of bovine cortical bone (decalcified bone) ranged between approximately 7% and 13%. These values were similar to the " x values determined by this technique for the tip of the slit at the fracture in the control group.
The abovementioned results suggest that the use of this new system based on digital image correlation may allow successful measurement of strain distribution.
However, the strain distributions determined by this measurement were distributions on the surface of the specimen. Bones have complex histological structures, and changes in the strain are expected to occur even in the direction of the specimen-plate thickness. In addition, the fracture toughness may vary with varying specimen-plate thickness. Because this study used test specimens having identical shapes, it was possible to clarify the effects of preservative treatment on strain distribution on the specimen surface. However, it is essential to know the internal strain distribution near the slit tip while considering the relationship between bone fracture toughness and strain distribution. In this context, to investigate the state of plane strain or plane stress of the bone where fracture has occurred, we are currently considering the estimation of the internal strain distribution by using a combination of fracture toughness evaluation methods on the basis of changes in the test specimen-plate thickness and model analysis using a finite element method 29) that takes into account the structure of bone tissue.
Conclusion
To elucidate the relationship between cortical bone microcracks and strain distribution, this study attempted to analyze the distribution of strain on the surface of preserved corticalbone test specimens subjected to a fracture toughness test by digital image correlation.
This new system based on digital image correlation was successful in clearly visualizing the strain distribution near the tip of a slit. In particular, we found that chemical fixation has a greater influence on cortical bone strain than fracture toughness. Hence, we suggest that care must be taken while measuring bone-tissue strain. The next step is to establish an evaluation method by combining this measurement method with a finite element analysis for estimating the internal strain distribution near the tip of the slit.
We plan to evaluate the principal strains and their directions, the maximum shear strain, and the directivity or stress-intensity factors involved in the expansion of microcracks in the cortical bone.
